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ARTICLE INFO ABSTRACT

Oxidative stress and neuroinflammation are thought to be the two key early events during the process of mild
cognitive impairment (MCI). Therefore, effective regulation of oxidative stress and neuroinflammation is an
important aspect of preventing and improving MCI. We previously found that pseudoginsenoside-F11 (PF11), an
ocotillol-type saponin, markedly reduced cognitive impairment in APP/PS1 mice and 0Af;_4»-injected mice. In
the present study, we further evaluate the effect of PF11 on learning and memory dysfunction in p-galactose
(p-gal)-treated mice model of MCI. C57BL/6 mice received daily subcutaneous injections of p-gal (100 mg/kg)
and oral administration of PF11 (2, 4, 8, 16 mg/kg) for 9 weeks. We observed that PF11 significantly alleviated
p-gal-induced cognitive impairment, attenuated the loss of neuron and the over-activation of microglia in hip-
pocampus of p-gal-treated mice. The elevated levels of nod-like receptor protein 3 (NLRP3) inflammasome in
hippocampus of p-gal-treated mice were reduced by PF11 through reducing the accumulation of advanced
glycation endproducts (AGEs) and the expression of the receptor of advanced glycation endproducts (RAGE).
Moreover, PF11 significantly decreased H,O, and malondialdehyde (MDA) levels, improved superoxide dis-
mutase (SOD) activity and increased glutathione (GSH) level in p-gal-treated mice. Finally, p-gal treatment
reduced the level of nuclear factor erythroid-related factor 2 (Nrf2) and glutathione S-transferase (GST) in
hippocampus, which could reverse by PF11. Together, our findings indicated that PF11 exerts a protective effect
against MCI-like pathological changes.
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1. Introduction

Clinically, mild cognitive impairment (MCI) as a transitional state
between the cognitive decline in normal aging and early features of
Alzheimer's disease (AD) is thought to the appropriate stage for pre-
venting or modifying progressive degeneration in AD [1,2]. Mounting
evidence demonstrated that oxidative stress and neuroinflammation are
the main early pathological features in MCI [3,4]. Excessive reactive
oxygen species (ROS) can directly react with redox-sensitive biomole-
cules leading to neurodegeneration [3,5]. In addition, ROS promote the
assembly of nod-like receptor protein 3 (NLRP3) inflammasome by
aggravating the accumulation of advanced glycation endproducts
(AGEs) and the expression of the receptor of advanced glycation end-
products (RAGE). Activation of NLRP3 inflammasome play a key role in
maturity and release of interleukin-1{ (IL-1f), which eventually lead to

neuroinflammation and exacerbate neurodegeneration [6,7]. There-
fore, effective regulation of oxidative stress and neuroinflammation is
expected to be more efficient treatment strategy for MCI.

p-Galactose (p-gal) could be metabolized as a reducing sugar by
aldose reductase in polyol pathway at high concentration. Several
studies have revealed that p-gal can decrease glutathione (GSH) level
and superoxide dismutase (SOD) activity [8], and increase mal-
ondialdehyde (MDA) levels by disturbing nuclear factor erythroid 2-
related factor 2 (Nrf2) and antioxidative response elements (ARE)
pathway in rodent [9,10], all of which are similar to the manifestations
of clinical MCI patients. Thus, p-gal-treated mice have been widely used
as a mimic cognition decline animal model for pharmacological inter-
vention research of cognitive impairment [11-14].

Pseudoginsenoside-F11 (PF11), an ocotillol-type saponin found in
Panax quinquefolium L. (American ginseng). We previously found that
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PF11 significantly improved nesting-building activity, reduced working
memory decline, mitigated spatial learning and memory impairment,
and inhibited the expressions of B-amyloid precursor protein (APP) and
AB1_40 in the cortex and hippocampus in APP/PS1 mice and 0Af;_4»-
injected mice [15]. Moreover, PF11 alleviated the microglial activation
and proinflammatory factors expression in both cortex and hippo-
campus in mice injected LPS [16], attenuates neuronal injury induced
by cerebral ischemia or methamphetamine in experimental animals
[17,18], indicating its benefit for several cognition decline. However,
whether PF11 can ameliorate oxidative stress and disrupt activation of
NLRP3 inflammasome to improve cognition ability has not been re-
ported.

Thus, the present study was designated to evaluate the effect of
PF11 on learning and memory dysfunction in p-gal-treated mice and its
possible mechanism on oxidative stress and neuroinflammation. The
results indicated that oral treatment of PF11 attenuates p-gal-induced
cognitive impairment in a dose-dependent manner. The possible me-
chanism of PF11 may at least base on attenuating oxidative stress and
lightening inflammatory response by promoting Nrf2/ARE pathway
and attenuating NLRP3 inflammasome activation.

2. Material and methods
2.1. Animals

5-6 weeks old male C57BL/6 mice (18-22 g) were purchased from
Beijing HFK Bioscience Co., Ltd. Animals were housed in standardized
environment condition (12 h alternating light and dark, 22 = 2°C). All
experiments were performed according to relevant guidelines and
regulations approved by the Experimental Animal Research Committee
of Shenyang Pharmaceutical University. All efforts were made to
minimize suffering and to reduce the number of animals used.

2.2. Chemicals and drug treatments

p-Gal (99%) was purchased from Amesco Co., Ltd. (OH. USA). PF11
was isolated from the aerial parts of P. quinquefolium by the
Department of Chemistry for Natural Products of Shenyang
Pharmaceutical University (China). The purity was > 98% as de-
termined by HPLC. PF11 (2, 4, 8, 16 mg/kg) and Donepezil (5 mg/kg)
were dissolved in distilled water and orally given daily after sub-
cutaneous injection of p-gal (100 mg/kg). The treatment lasts for nine
weeks. Donepezil is a classic drug used to treat MCI in clinical, and the
dose we chose is the clinical equivalent of the largest drug dose used to
treat MCI [19,20].

2.3. Novel object location test (NOL)

The experiment was comprised of a habituation phase, an acquisi-
tion phase and a recognition test [21]. Three experimental phases were
separated by a 24 h delays and each phase was recorded by a video-
tracking system EthoVision (Noldus, Wageningen, NL). In habituation
phase, each mouse was placed in the empty black plastic box and al-
lowed to move freely for 5min. In the acquisition phase, two similar
objects (Al and A2) were placed near the corner of the same wall. Each
mouse was placed into the apparatus facing the opposite wall which
objects are located and allowed to explore for 5 min. In recognition test,
one of two similar objections were placed in opposite position of the
original position. Exploration behavior was defined as mouse directing
its nose toward the object within 2 cm. The discrimination index was
calculated as exploration novel object time/total exploration time.

2.4. 'Y maze test

Y maze was made of three black-painted wooden arms
(40 X 12 x 3cm) radiating out from the center compartment [22].
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Each mouse was placed in the center compartment and allowed free
exploration of the maze for 8 min. Before each trail, 75% alcohol was
used to eliminate odors from previously mouse and each mouse per-
formed one trial. The sequence of arm entries was manually recorded.
Spontaneous alteration was defined as entry into three arms in suc-
cessively order. Spontaneous alteration behavioral (%) was calculated
as actual alterations/total number of arm entries.

2.5. Morris water maze test

Morris water maze was made of circle polypropylene pool
(120 x 40 cm) filled with white-opaque water (23 = 1 °C). The pool
was equally divided into four quadrants and a transparent platform
(9 cm) was submerged 1 cm below the water surface at target quadrant.
Some visual cues helping mice to locate the hidden platform were
placed surrounding the maze [23]. The procedure of MWM test con-
tained a consecutive five-day navigation phase and a one-day probe
phase. In the navigation phase, each mouse was allowed to locate the
hidden platform for 90 s. Time spent to find the platform was defined as
escape latency. Escape latency (s) was recorded and each mouse was
received three trials per day. Mice failing to search the platform within
90 s were placed manually on the platform and stayed there for 10s,
and its escape latency was recorded as 90s. In the probe phase, the
hidden platform was removed from pool and each mouse received a
free swimming of 60 s' duration. Time spent in the target quadrant and
number of platform crossings were measured. All data were recorded
and calculated by a video-tracking system EthoVision (Noldus, Wa-
geningen, NL).

2.6. Preparation of tissue samples

The mice were anesthetized by intrapulmonary injection of 4%
chloral hydrate after behavioral analysis, and perfumed transversally
with 40 ml ice-cold 0.9% saline. Brain tissues were detached and se-
parated into two parts through the midsagittal plane. The hippocampus
and cortex separated from the left hemisphere was collected im-
mediately and stored at —80 °C for commercial kits analysis and wes-
tern blotting. The right hemisphere was fixed in 4% paraformaldehyde
(pH 7.4) overnight and cryoprotected in 30% sucrose prepared in PBS,
and embedded in Optimal Cutting Temperature (OCT, Leica, CA,
Germany). Serial coronal cryosections (20 um) were cut using freezing
microtome and stored at —40 °C for Nissl staining.

2.7. Transmission electron microscope (TEM)

Upon anesthesia, the mice were perfused transcardially with ice
cold saline solution followed by 4% paraformaldehyde ~2.5% glutar-
aldehyde solution. Brains were immediately isolated and hippocampus
CA1l was post-fixed in 2.5% glutaraldehyde at 4 °C for ultra-structure
observation of synapses using transmission electron microscope.

2.8. Assay of the activity of AR

AR activity was measured through the method reported previously
[24]. Briefly, the reaction system contains 0.3 mM NADPH, 0.1 M PBS,
0.4 M Lithium sulfate, 1.25mM b,1-glyceraldehyde, 0.1 M (-mercap-
toethanol and AR supernatant (crude AR solution). All solutions were
volleyed and incubated at 37 °C for 10 min. The decrease of NADPH
absorbance at 340 nm was monitored continuously for 5min. One unit
(U) of AR activity was defined as the decrease of absorbance per min
induced by 1 mg protein.

2.9. AR engyme-linked immunosorbent assay

The hippocampus and prefrontal cortex tissues of the left hemi-
sphere were homogenized with 0.9% saline at a ratio of 1:10, and
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Fig. 1. Pseudoginsenoside-F11 ameliorated cognitive impairment in p-galactose-treated mice.
Chemical structure of pseudoginsenoside-F11 (PF11) (A) (C42H72014, molecular weight = 801.02). Graphs show the effect of PF11 working memory in Y maze and
NOL test (B, C), performance in the Morris water maze (D-F). PF11 significantly improves several cognitive impairment behaviors induced by p-galactose treatment.

Data are expressed as means *

SEM (n = 12-15 mice/group). Statistical analysis was performed with one-way ANOVA, followed by the Tukey test *P < 0.05,

**pP < 0.01 and ***P < 0.001 vs vehicle. #P < 0.05, ##P < 0.01 and ###P < 0.001 vs p-galactose model.

centrifuged at 12000g for 10 min. The supernatants were collected for
quantified analysis by ELISA kits (Shanghai Enzyme-linked
Biotechnology Co. Ltd. China), following the manufacturer's instruc-
tions.

2.10. Assay the activity of SOD and the level of H;0,, MDA and GSH

The supernatants of the hippocampus and cortex were collected
after homogenizing with ice-cold 0.9% saline and centrifuging at 4000g
for 15 min. The activity of SOD and the level of H,O,, MDA and GSH
were measured using commercial assay kits (Beyotime, China) ac-
cording to the manufacturer's instructions.

2.11. Nissl staining

Cornel cryosections were subjected to Nissl staining. Briefly, the
sections were washed in PBS three times and stained with Nissl staining
solution (Beyotime, China) for 1h at 70 °C. Then, the sections were
washed in PBS, dehydrated in gradient ethanol, and coverslipped using
glass slides. Sections were viewed and imaged under a light microscopy.
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2.12. Western blotting

The hippocampus of left hemisphere was cryohomogenized in RIPA
lysis buffer (Beyotime, China). The supernatants and sediments were
obtained for the collection of nuclear and cytoplasmic proteins ac-
cording to manufacturer's protocol (Beyotime, China). Tissue lysates
were mixed with SDS-PAGE protein loading buffer and boiled for 5 min.
Equal amounts of protein were separated by 8%-12% SDS-PAGE and
transferred to polyvinylidene fluoride membrane (PVDF). The mem-
branes were blocked in 5% milk or BSA for 60 min and then incubated
with correspondent primary antibody against NLRP3 (1:500; CST),
caspase-1(1:1000; Abcam), glutathione S-transferase (GST) (1:1000;
Abcam), Nrf2(1:500; Abcam), IL-1$ (1:1000; Abcam), RAGE (1:500;
Abcam), AGEs (1:500; Abcam), Lamin B (1:2000; Sigma) and f-actin
(1:1000; Santa Cruz Biotechnology) overnight at 4 °C. After repeated
washing in Tris-buffered Saline-Tween 20 (TBST), the corresponding
second antibodies were applied to the membrane for 1h at room tem-
perature. The bands were visualized by the enhanced chemilumines-
cence (ECL) (Thermo. USA) and were analyzed with ImageJ software.

2.13. Immunohistochemistry

Cornel cryosections were washed in PBS and received a microwave
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Fig. 2. Pseudoginsenoside-F11 attenuated the loss of neuron and postsynaptic density in p-galactose-treated mice.

Nissl-staining images showing that PF11 significantly reversed the p-galactose-induced neuron loss in the hippocampus and cortex (a). Scale bars: 50 um. Graphs
show the number of Nissl-dying neuron (b-e) in the p-galactose-treated mice. Statistical analysis of surviving neurons (Nissl-dying neuron) was conducted using
Image-Pro Plus 6.0. The data are presented as means + SEM (n = 12) Transmission electron microscopy (TEM) representative images of tissues from the hippo-
campus (f). The red arrows indicate a region of postsynaptic density. Statistical comparisons were carried out with ANOVA followed by Tukey's test. **P < 0.01 and
***p < 0.001 vs vehicle. #P < 0.05, ##P < 0.01 and ###P < 0.001 vs p-galactose model. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

treated antigen retrieval. Next, sections were quenched with 3% hy-
drogen peroxide for 20 min, and then incubated in blocking solution to
prevent nonspecific binding of IgG for 1h at 37 °C. Subsequently, the
primary antibody including Iba-1 (1:500; Sigma), NeuN (1:500;
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Millipore) was applied to the sections at 4 °C overnight. Negative con-
trol was incubated with PBS without primary antibody. After being
washed thoroughly in PBST, sections were reacted with biotinylated
secondary antibody and horseradish peroxidase in series for 1h at
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Fig. 3. Pseudoginsenoside-F11 attenuated the number of over-active microglia in p-galactose-treated mice.

Immunohistochemistry images showing that PF11 significantly reversed the p-galactose-induced microglial activation (a). The boundary between the gels is deli-
neated by a black line. Graphs show the number of Iba-1 positive cell in hippocampus of different groups mice (b—d). High-magnification images of the boxed areas
are shown in the inserts. Scale bars: 50 um. Statistical comparisons were carried out with ANOVA followed by Tukey's test. Data are presented as means = SEM
(n =12). **P < 0.01 and ***P < 0.001 vs vehicle. #P < 0.05, ##P < 0.01 and ###P < 0.001 vs p-galactose model.

37 °C. After incubation with 3,3-diaminobenzidine (DAB) for 5min at
37 °C, the sections were washed in distilled water, and then were sub-
jected to dehydration of gradient ethanol and mounted on glass slides.
Finally, sections were observed and imaged using light microscopy. The
number of immune positive cells was analyzed by Image pro plus 6.0
software.

2.14. Statistical analysis

All data were reported as means +
SPSS 21.0 statistical software.

For the behavioral tests, one-way ANOVA was used to compare the
differences among groups with Tukey's test; and escape latency in the
Morris water maze test navigation phase were analyzed by two-way
analysis of variance (ANOVA) with repeated measures. The level of
significance was set at P < 0.05.

For western blotting, immunohistochemistry, Nissl-staining and
TEM, one-way ANOVA was used to compare the differences among
groups with Tukey's test. The level of significance was set at P < 0.05.

standard errors and analyzed by

3. Results
3.1. PF11 ameliorated cognitive impairment in p-gal-treated mice

To investigate the effect of PF11 on cognition decline in p-gal-
treated mice, a series of cognition-related behavior tests were
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performed. p-Gal induced a noticeable reduction of spontaneous alter-
nation percentage (0.52 * 0.02, P < 0.001, F = 7.027) (Fig. 1b) and
the discrimination index in NOL (39.6 = 5.43, P < 0.01, F = 4.584)
(Fig. 1c) compared to vehicle-treated mice. PF11 (8, 16 mg/kg) and
Donepezil significantly elevated the spontaneous alternation percen-

tage (0.62 + 0.03, P < 0.05; 0.64 += 0.03, P < 0.01; 0.63 + 0.02,
P < 0.05), and increased discrimination index (59.0 = 3.23,
P < 0.05; 60.7 £ 346, P < 0.01; 59.0 = 3.34, P < 0.05)

(Fig. 1b—c). MWM test indicated that p-gal lengthened escape latency
(85.9 = 7.97, P < 0.05, F = 9.069) (Fig. 1d) on day 5 of navigation
test, and decreased the number of platforms crossing in probe test
(0.60 = 0.19, P < 0.05, F = 7.929) (Fig. le). PF11 (8, 16 mg/kg)
reduced the escape latency (37.2 + 7.37, P < 0.05; 40.4 = 4.26,
P < 0.05) (Fig. 1d) and increased the number of platforms crossing
(2.37 = 0.57, P < 0.01; 2.33 * 0.38, P < 0.05) (Fig. 1e) in probe
test, and Donepezil has a similar effect on escape latency and the
number of platforms crossing (Fig. 1d—e). In addition, no difference was
found in time spent in the target quadrant among different groups
(Fig. 1f). Taken together, these results indicated that PF11 significantly
ameliorated cognitive impairment in p-gal-treated mice.

3.2. PF11 attenuated neuronal damage in p-gal-treated mice

Next, we choose Nissl-staining to determine the extent of neurode-
generation in p-gal-treated mice. As shown in Fig. 2A, the number of
Nissl-positive neuron was reduced in memory-associated hippocampus
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Fig. 4. Pseudoginsenoside-F11 attenuated neuroinflammation in p-galactose-treated mice.

(a) Western blot analysis of pro- interleukin (IL)-1f, IL-1f, nod-like receptor protein 3 (NLRP3), pro-caspase-1, caspase-1, advanced glycation endproducts (AGEs)
and the receptor of advanced glycation endproducts (RAGE) levels in hippocampus among different groups. 3-Actin and GAPDH were used as a loading control. (b-h)
Quantitative analysis of the immunoblotted proteins was performed with ImageJ. Statistical comparisons were carried out with ANOVA followed by Tukey's test.

Data are presented as means =

and cortex. In contrast, PF11 and Donepezil can reduce the number of
neurons in the corresponding area (Fig. 2b—e). TEM results indicated
that p-gal thinned postsynaptic density while PF11 (4, 8, 16 mg/kg)
reversed this change. These results showed that PF11 attenuated neu-
ronal damage against p-gal-induced neurotoxicity.

3.3. PF11 attenuated the neuroinflammation in p-gal-treated mice

To investigate whether neuroprotective effect of PF11 was asso-
ciated with the inhibition of the inflammatory response, the degree of
microglia activation, the expression of interleukin (IL)-1 and NLRP3
inflammasome-related proteins were measured. As shown in Fig. 3a, the
number of Iba-1-positive microglia was significantly increased in hip-
pocampus of p-gal-treated mice. Western blotting analysis also showed
that p-gal-treated mice had a higher level of IL-13 and NLRP3 in-
flammasome-related proteins such as NLRP3, pro-Caspase-1 and Cas-
pase-1 (Fig. 4b-f). PF11 decreased the increasing number of active
microglia (Fig. 3b-d), and normalized the expression of IL-1B and
NLRP3 inflammasome-related protein in dose-dependent manner. Fur-
thermore, AGEs/RAGE pathway has been reported to participate in the
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SEM (n = 6). **P < 0.01 and ***P < 0.001 vs vehicle. #P < 0.05, ##P < 0.01 and ###P < 0.001 vs p-galactose model.

regulating of NLRP3 inflammasome activation [6]. It was observed that
there was a significant increase of AGEs and RAGE in p-gal-treated
mice. Notably, PF11 treatment attenuated the expression of AGEs and
RAGE (Fig. 4g-h). All these results indicated PF11 attenuated p-gal-
induced neuroinflammation, at least by disturbing the assembly of
NLRP3 inflammasome.

3.4. PF11 attenuated oxidative stress in p-gal-treated mice

To investigate whether PF11 has an effect on oxidative stress, a
series of redox classic markers was detected. As shown in Fig. 5a—d,
p-gal treatment increased the H,O, and MDA levels, decreased GSH
level and SOD activity of both hippocampus and cortex, which were
reversed by PF11 in a dose-dependent manner. It is reported that AR
plays an important role in the production of ROS during the mechanism
of p-gal [25,26]. As shown in Fig. 5e—f, the ICso value for PF11 on AR is
121.4 uM which was much higher than that of AR inhibitor Epalrestat
(ICsp = 0.218 uM) in vitro, while PF11 treatment did not change p-gal-
induced abnormal increasing of AR ability in vivo (Fig. 58). Moreover,
the Nrf2/ARE pathway is necessary to maintain the redox balance
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Fig. 5. Pseudoginsenoside-F11 restored the redox-state in p-galactose-treated mice.
The level of H,O, (a), glutathione (GSH) (b) and malondialdehyde (MDA) (d), and the activity of superoxide dismutase (SOD) (c) were measured by kits. PF11
significantly increases the level of H;O, and MDA, decreases the level of MDA, and enhances the activity of SOD in hippocampus and cortex of p-galactose-treated
mice. The Epalrestat (e) and PF11 (f) inhibits aldose reductase (AR) in series of concentration in vivo. The effect of PF11 on AR in vivo are shown in (g). Western blot
analysis of nuclear factor erythroid-related factor 2 (Nrf2) and glutathione S-transferase (GST) in hippocampus among different groups. Lamin-B and GAPDH were
used as a loading control (h-j). Quantitative analysis of the immunoblotted proteins was performed with ImagelJ. Statistical comparisons were carried out with
ANOVA followed by Tukey's test. Data are presented as means = SEM (n =6). **P < 0.01 and ***P < 0.001 vs vehicle. #P < 0.05, ##P < 0.01 and
###P < 0.001 vs p-galactose model.
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[27,28]. Western blotting results showed that nuclear Nrf2 and GST
protein level in p-gal-treated mice was significantly lower than those in
vehicle-treated mice (Fig. 5h), which were reversed by treatment of
PF11 (Fig. 5ij). Taken together, these results indicated that PF11 can
attenuate p-gal-induced redox imbalance through facilitating nuclear
accumulation of Nrf2 and enhancing the expression of GST.

4. Discussion

Our previously studies have demonstrated that PF11 has an ex-
tensive beneficial effect on several disorders of central nervous system.
In the present study, we reported that PF11 exerts a protective effect
against p-gal-induced cognitive impairment. Oral administration of
PF11 (8, 16 mg/kg) for 9 weeks improves cognition abilities and ame-
liorates neuronal damage. Moreover, we found that NLRP3 inflamma-
some may be involved in p-gal-mediated inflammatory response, and
PF11 attenuates p-gal-induced neuroinflammation at least partly
through disturbing the assembly of the NLRP3 inflammasome. What's
more, PF11 lightened oxidative stress in p-gal-treated mice by pro-
moting Nrf2/ARE pathway. These results suggest that PF11 ameliorates
progressive memory decline in p-gal-treated mice, and the potential
mechanism may be associated with attenuating of oxidative stress and
neuroinflammation.

p-gal-treated mice have several MCI-like cognitive impairment such
as working memory and spatial memory dysfunction. In this manu-
script, we chose Y maze test and NOL test (for detecting working
memory), and MWM (for detecting spatial memory) to evaluate cog-
nition of the p-gal-treated mice. Consistent with other reports, it was
found that p-gal can reduce spontaneous alternation percentage, de-
crease the discrimination index, lengthen escape latency and shorten
the time spent in the target quadrant [29-31]. Our results revealed that
PF11 could improve spatial learning and memory performance, at-
tenuate working memory decline, and ameliorate the deficits of orga-
nized behavior in p-gal-treated mice.

Normal cognitive abilities are based on a considerable number of
neuron and natural synaptic function. In previous studies, the number
of neurons was significantly decreased in the hippocampus CA3 region
of p-gal-treated mice [9,22], and our data also showed that Nissl-dyeing
neurons display a sharp reduction in the hippocampus and cortex in
p-gal-treated mice, which was reversed by PF11. TEM results also in-
dicated that PF11 prevents p-gal-induced thinning of postsynaptic dense
in hippocampus of C57 mice.

Many studies have shown that neuroinflammation triggered by
microglial activation and accumulation of inflammatory factors plays
an important role in the cascade of MCI. It has been demonstrated that
accumulation of IL-1f will aggravate neurodegeneration which can be
rescued by blocking IL-1f signaling in APP/PS1 mice [32]. In line with
previous studies [11,31], our results also showed that the number of
active microglia and the level of IL-1 were increased in p-gal-treated
mice. NLRP3 inflammasome is essential for caspase-1 activation, and
the latter regulate the activation and release of IL-13 [33]. In recent
study, it was reported that activation of NLRP3 inflammasome occurs in
microglia in AD patients, which suggested that inhibition of NLRP3
could reduce AD pathology in vivo [34,35]. However, whether NLRP3
inflammasome implicated in p-gal-induced neuroinflammation has not
been reported. In this study, we firstly observed increased level of
NLRP3, pro-caspase-1 and caspase-1 in hippocampus of p-gal-treated
mice, which are the components of NLRP3 inflammasome. And, PF11
can decrease those changes in a dose-dependent manner. These results
indicated that PF11 may interfere with the assembly of NLRP3 in-
flammasome.

The assembly of the NLRP3 inflammasome requires a priming signal
derived from pattern recognition or cytokine receptors followed by a
second signal derived from pore forming toxins, extracellular ATP, or
ROS [36]. AGEs/RAGE pathway has been demonstrated to mediate the
activation of NLRP3 inflammatory by providing priming signal in
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transcriptional level [6,37]. Our results showed a higher level of AGEs
and RAGE in hippocampus of p-gal-treated mice, which is decreased by
PF11. In addition, p-gal could be metabolized to galactitol as a reducing
sugar by AR in polyol pathway at high concentration [38]. Excessive
activation of this process exhausts cytosolic NADPH, increases the ac-
cumulation of ROS, disrupts Nrf2/ARE pathway, finally leading to
oxidative stress [39]. Importantly, growing evidence indicates that ROS
is critical for AGEs accumulation [40]. Thus, we further examine
whether the inhibition effect of PF11 on AGEs accumulation is depen-
dent on reducing ROS. The results showed that p-gal treatment re-
markably reduced the GSH level, caused the accumulation of H,O, and
MDA, decreased antioxidant enzyme activity such as SOD, and even-
tually triggered neurodegeneration. PF11 significantly reversed those
changes in a dose-dependent manner indicting its benefit effects on
oxidative stress.

AR play an important role in p-gal-triggered oxidative stress. We
measured the effect of PF11 on AR activity in vivo and in vitro. The
results showed that PF11 did not affect increased AR ability or protein
level in p-gal-treated mice. Moreover, our previous study has demon-
strated that PF11 has no direct clearance or capture effect on free ra-
dicals [16]. These results indicated that PF11 also have no effect on the
production of ROS. Nrf2 has been shown to be a critical transcription
factor which involved in the regulation of transcriptional levels of many
antioxidants such as glutathione S-transferases GST, heme oxygenase 1
(HO-1) and NAD(P) H-quinone oxidoreductase 1(NQO1) [28]. Recent
studies have reported that the decreased Nrf2 expression in AD animal
and patients [41], and restoring the normal level of Nrf2 may be a new
strategy for the treatment of AD and MCI. In a latest study, Nrf2/ARE is
directly implicated in the regulation of inflammation rather than re-
lying on regulating oxidative stress to control inflammatory response
[42,43]. Our data showed a lower nuclear Nrf2 level and GST level in
p-gal-treated mice, which notably enhanced by PF11. Taken together,
PF11 ameliorate oxidative stress possibly by restoring Nrf2/ARE
pathway. As a master regulator of the antioxidant response, the nuclear
transport of Nrf2 is tightly regulated in the cell. Kelch-like ECH-asso-
ciated protein 1 (Keapl) has been shown to interact with Nrf2 in cy-
toplasm under quiescent conditions, which will facilitate the ubiquiti-
nation and subsequent proteolysis of Nrf2 [44]. Whether PF11
increased the level of nuclear Nrf2 is dependent on the Keapl requires
further exploration.

In conclusion, we have shown that PF11 attenuated p-gal-induced
cognitive impairment, oxidative stress and neuroinflammation by re-
storing Nrf2/ARE pathway. These benefit effects indicated that PF11
may be a potential new candidate for the treatment of MCI.
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